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ABSTRACT 

The near-infrared shape of the big blue bump component in quasar spectra has 
been essentially unknown. It usually cannot be observed directly, due to the strong 
hot dust emission which dominates quasar spectra longward of ~l/zm. However this 
is quite an important part of the spectrum theoretically. At least bare disk models 
provide quite a robust prediction for the overall continuum shape in the near-infrared. 
Self-gravity should become important in the outer, near-infrared emitting regions of 
the putative disk, possibly leaving a signature of disk truncation in the near-infrared. 
We propose here that this important part of the spectrum can be revealed for the 
first time by observing polarized flux from normal quasars. At least in some polarized 
quasars, the emission lines are all unpolarized and so the polarized flux should originate 
interior to the broad line region, and therefore also interior to the dust emitting region. 
This can then be used to eliminate the dust emission. We present the results of near- 
infrared polarimetry for such three quasars (Ton202, 4C37.43, B2 1208+32). The data 
for Ton202 have the highest S/N, and the near-infrared polarized flux in this case is 
measured to have quite a blue shape, F v oc j,+°- 42 ±°- 29 ; intriguingly consistent with 
the simple multi-temperature black body, bare disk prediction of v +1 / 3 . All these data, 
although still with quite low S/N for the other two objects, demonstrate the unique 
potential of the technique with future better data. We also present similar data for 
other quasars and radio galaxies, and briefly discuss the nature of the polarization. 

Key words: quasars - galaxies: active - accretion - polarization - radiation mecha- 
nisms: general 



1 INTRODUCTION 

The infrared portion of quasar spectra is dominated by the 
thermal emission from dust grains. This domination starts 
in the near- infrared (near-IR), at ~l/im, which is essen- 
tially set by the dust sublimation temperature. This hot 
dust emission in the near-IR actually hides quite an impor- 
tant part of quasar spectra, i.e. the long wavelength side of 
the UV/optical continuum component, often called the big 
blue bump (BBB). 

The radiative energy output of quasars is dominated 
by this UV/optical component. It is generally thought to 
be f rom an accretion disk aroun d a supermassive black hole 
fe.g. lShieldsll97SUMalkanll983lh but the nature of this puta- 
tive disk has not been well understood in many respects (e.g . 
lAntonuccilll988l: lAntonuccilll999l: iKoratkar fc Blaes] 1 1999 i. 
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However, disk models make a few key predictions for the 
long wavelength spectra. 

It is well known that in a very simple multi-temperature 
black body disk, extending infinitely in radius, the spectral 
shape converges to F v oc at long wavelengths. Even 

with sophisticated, relativistic disk atmosphere models (e.g. 
iHubenvet aP koOO). this limit is essentially reached long- 
ward of ~1 fim for almost all reasonable black hole masses 
and Eddington ratios. While reprocessing by a flared or 
warped disk can result in a redder spectrum, we have quite a 
robust prediction for the overall continuum shape of at least 
a bare disk in the near-IR. Furthermore, the outer parts of 
standard disks are known to be unstable against self-gravity, 
and this might set an upp er limit to the radial extent of the 
disk (e.g. iGood man 2003[). Since the outer radii generally 
contribute to longer wavelength emission, this limit would 
produce a change in slope in the spectrum, with a rapid 
flux down-turn toward long wavelengths. Standard Shakura- 
Sunyaev type disk models predict that, in the absence of any 
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other additional processes, the truncation radius would be 
around a thousand S chwarzschild rad ii for conceivable pa- 
rameters of quasars l)Goodmanll2003h . This in turn means 
that its effect on the emission spectrum would show up to- 
ward and at the near-IR. Thus the near-lR spectral shape of 
the BBB emission is quite important for testing fundamen- 
tal aspects of disk models. Near-IR detection of the outer 
edge of the disk would also shed much needed light on the 
mass and angular momentum supply that fuels the quasar. 

The near-IR part of the BBB has remained unseen di- 
rectly, because of the hot dust emission described above — 
this is thought to be from the inner part of a torus- like struc- 
ture surrounding the nucleus and the broad emission line 
region (BLR). We still do not have the spatial resolution 
to isolate the nucleus from this surrounding putative torus. 
Spectral de composition d oes not constrain the near-IR BBB 
shape well (Malkan 1989). To uncover this important part of 
the spectrum and investigate it directly, we need to remove 
the hot dust emission. The red light from the host galaxy 
probably contaminates the observed spectrum as well. We 
argue here that we can remove all these contaminations by 
using polarization. 

Many normal qua sars show a small (P ~ 1%) 
optical polarization dStockman. Moore fc Angell Il984t 
iBerriman et al.l ll990T) . and there is a strong statistical 
tendency for the polarization position angle (PA; E-vector 
direction) to lie parall el to the radio structura l axis 
in these quasars (e.g. IStockman. Angel, fc Milevl Il979t 
iMoore fc Stockman! Il984l: iRusk fc Seaauistlll985l) . At least 
in some (and possibly many) cases, this polarization seems 
to be confined to the continuum — there are essentially no 
e mission lines in the pol arized flux (P x F; see Figure 31 
in iKishimoto et aT1l2004l ; the optical data for three quasars 
are reproduced in Figure lTHl in this paper). In this case, the 
polarized flux is considered to originate interior to the BLR. 
We can then scrape off all the contaminations coming from 
the BLR and outer regions just by looking at the polarized 
flux. We have applied this idea in the near-UV/optical 
to look for the Balmer edge feature, intrinsic to the BBB 
emission but buried under the contamination from the 
BLR. Indeed we found the edge feature in absorption 
- this is most simply interpreted as an indication of 
the optically-thick thermal nat u re of th e BBB emission 
jKishimoto. Antonucci. fc Blaesl 120031 : IKishimoto et al] 
I2004D . 

In principle, we should be able to apply the same idea to 
remove the dust emission, which arises exterior to the BLR. 
We present here the near-IR polarized flux measurements 
for three quasars which have no or very little emission lines 
in the optical polarized flux. The data are still of low S/N or 
in need for further measurements, but suggest that our idea 
seems to work. We also present near-IR polarization mea- 
surements for other quasars and radio galaxies and briefly 
discuss the nature of the polarization. 



2 OBSERVATIONS 

We observed several quasars listed in Tabled in the second 
half nights of 15 and 16 Jan 2001 (UT) with UKIRT. The 
sample was selected mainly based on the known polariza- 
tion properties: they are all known to be polarized in the 



Table 1. Log of UKIRT observations in 2001. 



name / other z cxp. date filter 

position name (min) 



0837-120 


3C206 


0.198 


8 


X 


1 


15 


Jan 


J 








12 


X 


1 


15 


Jan 


J 








4 


X 


3 


15 


Jan 


H 








8 


X 


1 


15 


Jan 


K' 


1114+445 


PG 


0.144 


12 


X 


1 


15 


Jan 


J 








12 


X 


1 


16 


Jan 


J 








4 


X 


1 


15 


Jan 


11 








4 


X 


1 


16 


Jan 


H 








4 


X 


1 


15 


Jan 


K' 








4 


X 


1 


16 


Jan 


K< 


1208+322 


132 


0.388 


12 


X 


1 


16 


Jan 


J 








8 


X 


2 


15 


Jan 


11 








8 


X 


1 


16 


Jan 


H 








4 


X 


1 


15 


Jan 


K' 








8 


X 


1 


15 


Jan 


K' 








8 


X 


1 


16 


Jan 


K' 


1425+267 


Ton202 


0.366 


12 


X 


2 


16 


Jan 


J 








8 


X 


2 


16 


Jan 


11 








8 


X 


1 


16 


Jan 


K' 


1512+370 


4C37.43 


0.371 


12 


X 


2 


16 


Jan 


J 








8 


X 


2 


16 


Jan 


H 








8 


X 


2 


16 


Jan 


K> 



Table 2. Log of UKIRT observations in 2000. 



name/ other z exp. date filter 

position name (min) 



0453+227 


3C132 


0.214 


10x2 


25 


Jan 


K' 


0459+252 


3C133 


0.278 


10x1 


26 


Jan 


K' 


0752+258 


01287 


0.446 


10x1 


24 


Jan 


K 








10x1 


25 


Jan 


K' 


0802+243 


3C192 


0.060 


10x2 


26 


Jan 


K' 


0824+294 


3C200 


0.458 


10x3 


26 


Jan 


K' 


0938+399 


3C223.1 


0.107 


10x1 


24 


Jan 


K> 








10x2 


25 


Jan 


K' 


0945+076 


3C227 


0.086 


10x1 


24 


Jan 


K 








10x2 


24 


Jan 


K' 








10x1 


25 


Jan 


K> 


0958+290 


3C234 


0.185 


10x2 


24 


Jan 


K' 


1003+351 


3C236 


0.101 


10x2 


25 


Jan 


K' 


1142+318 


3C265 


0.811 


10x4 


26 


Jan 


K' 


1420+198 


3C300 


0.270 


10x4 


26 


Jan 


K> 


1512+370 


4C37.43 


0.371 


10x1 


25 


Jan 


K' 



optical with 1-2% level ex cept for 3C206 dStockman et alJ 
ll984tlBerriman et al.lll99(ilL and all have previous polariza- 
tion measurements at K band except for B2 1208+32 a l- 
though with rather large uncertainties JSitko fc Zhulll99llL 
They are lobe-dominant radio sources except for Q1114+445 
which is radio quiet. We used the camera UFTI with the 
polarimetry module IRPOL2. The platescale was 0."0909 
per pixel. Seeing was estimated to be ~ l."2 FWHM (or 
slightly worse) in most of the first night, while it was ~ 0."8 
FWHM in the rest of the run, based on the image size of 
these quasars. 

The data were reduced firstly with the software 
ORACDR where bad pixels were masked, dark frame sub- 
tracted, and the frames were divided by a fiat-field which was 
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Table 4. Observation of unpolarized stars with de-focusing. 



name UT date band mag P(per cent) PA(°) aperture" 



SA082926 6 


2005 Jul 8 


J 


9.33 


0.09 ±0.06 


157 ± 21 


2.7 






A" 


9.12 


0.11 ±0.04 


29 ± 12 




SA082926 C 


2005 Jul 8 


J 


9.33 


0.24 ±0.05 


99 ±6 


3.6 






A" 


9.11 


0.24 ±0.05 


59 ±6 




CMC604707 C 


2001 Jan 16 


J 


9.25 


0.25 ±0.05 


168 ± 5 


3.6 






H 


8.87 


0.09 ±0.03 


105 ±9 








A' 


8.81 


0.12 ±0.04 


124 ± 10 




CMC604919 d 


2001 Jan 15 


J 


7.99 


0.14 ±0.02 


92 ±5 


7.5 






H 


7.37 


0.19 ±0.01 


100 ±2 








A' 


7.23 


0.14 ±0.02 


82 ±4 





Note. "The synthetic aperture diameter in arcsec for polarization measurements. The 
apertures for the photometric magnitudes quoted are larger than these. 'Observed 
with a small de-focusing. c Observed with a further de-focusing. ^Observed with a 
large de-focusing. 



Table 5. Results of polarization measuremen ts. The polarization degree has not been debiased. The magnitude-flux 
conversion is from lTokunaga fc Vaccal J2005T) . The flux Fx is in units of erg/cm 2 /sec/A. The flux calibration uncer- 
tainty is estimated to be typically ~5%, and this is much larger than the statistical error in the flux measurements 
for all the objects. 



name 


z 


E(B - V) 


year 


band 


mag 


F v (mjy) 


Fx 


P(per cent) 


PA(°) 


quasars with unpolarized broad lines 














Ton202 


0.366 


0.019 


2001 


J 


15.35 


1.13 


2.18E-16 


1.60 ±0.22 


83.8 ±4.0 










H 


14.53 


1.60 


1.82E-16 


0.94 ±0.17 


76.4 ±5.2 










A' 


13.67 


2.34 


1.56E-16 


0.88 ±0.25 


81.1 ± 8.1 








2005 


J 


15.36 


1.12 


2.16E-16 


1.69 ±0.13 


76.9 ± 2.2 










A' 


13.84 


2.00 


1.33E-16 


0.76 ±0.10 


73.5 ± 3.8 


B2 1208±32 


0.388 


0.017 


2001 


J 


15.47 


1.01 


1.95E-16 


0.65 ±0.32 


26.0 ±14.0 










H 


14.85 


1.20 


1.36E-16 


0.37 ±0.21 


35.8 ±16.4 










A' 


14.29 


1.32 


8.76E-17 


0.20 ±0.31 


1.6 ±41.5 


4C37.43 


0.371 


0.022 


2001 


J 


15.44 


1.04 


2.00E-16 


0.56 ±0.24 


115.6 ± 12.2 










H 


14.72 


1.35 


1.53E-16 


0.54 ±0.19 


106.2 ± 10.5 










A' 


13.95 


1.81 


1.21E-16 


0.61 ±0.23 


122.8 ± 11.0 








2000 


A' 


13.89 


1.90 


1.27E-16 


0.77 ±0.30 


96.4 ±11.9 


other quasars 




















3C227 


0.086 


0.026 


2000 


A" 


12.44 


7.22 


4.81E-16 


0.42 ±0.06 


22.0 ±4.0 










A 


12.31 


7.71 


4.78E-16 


0.41 ±0.11 


28.5 ± 7.8 


OI287 


0.444 


0.061 


2000 


A" 


14.11 


1.56 


1.04E-16 


2.26 ±0.40 


126.9 ±5.4 










A 


13.87 


1.82 


1.13E-16 


2.05 ±0.44 


128.8 ±5.8 


Q1114+445 


0.144 


0.016 


2001 


J 


14.38 


2.76 


5.33E-16 


1.17 ±0.13 


83.6 ± 3.1 










H 


13.57 


3.87 


4.39E-16 


0.70 ±0.16 


97.9 ± 6.4 










K' 


12.47 


7.00 


4.67E-16 


0.96 ±0.12 


88.0 ±3.5 


3C206 


0.198 


0.045 


2001 


J 


14.49 


2.49 


4.80E-16 


0.25 ±0.19 


107.9 ± 21.7 










H 


13.85 


2.99 


3.39E-16 


0.42 ±0.19 


90.8 ±12.8 










A' 


12.83 


5.08 


3.39E-16 


0.21 ±0.16 


130.4 ±21.8 


narrow-line radio galaxies 
















3C234 


0.185 


0.019 


2000 


A' 


12.88 


4.84 


3.22E-16 


4.60 ±0.11 


159.2 ± 0.7 


3C265 


0.811 


0.023 


2000 


A" 


16.12 


0.24 


1.61E-17 


4.71 ± 1.49 


10.1 ± 9.0 


3C223.1 


0.107 


0.017 


2000 


A" 


12.91 


4.70 


3.13E-16 


5.24 ±0.15 


108.4 ± 0.8 


3C132 


0.214 


0.482 


2000 


A" 


14.33 


1.27 


8.49E-17 


1.08 ±0.70 


48.8 ±18.2 


3C133 


0.278 


0.949 


2000 


A" 


14.97 


0.70 


4.68E-17 


6.96 ± 1.38 


93.6 ± 6.3 


3C192 


0.060 


0.054 


2000 


A" 


12.86 


4.94 


3.29E-16 


0.03 ±0.17 


102.8 ± 90.0 


3C200 


0.458 


0.040 


2000 


A" 


15.33 


0.50 


3.34E-17 


2.25 ± 1.05 


127.4 ± 13.0 


3C236 


0.101 


0.011 


2000 


A" 


12.89 


4.81 


3.20E-16 


0.48 ±0.19 


54.7 ± 11.4 


3C300 


0.270 


0.035 


2000 


A" 


15.32 


0.51 


3.40E-17 


1.27 ±0.85 


61.0 ±19.3 
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Table 3. Log of UKIRT observations in 2005. 



name / 


other z 


exp. 


date 


filter 


position 


name 


(min) 






1425+267 


Ton202 0.366 


12 X 6 


27 Jun 


J 






8x8 


27 Jun 


K' 



Ton202 



constructed from sky frames at four waveplate positions (we 
averaged these four flat-fields from four waveplate positions 
after checking consistency), and frames with three dither- 
ing positions were registered and combined. Then synthetic 
aperture photometry was implemented using IDL in each o- 
ray and e-ray image at four waveplate positions to produce 
Stokes /, Q, and U parameters. This was done with vari- 
ous aperture radii and optimal aperture size was searched 
to minimize the polarization measurement uncertainty. We 
adopted a l."8 diameter aperture for the data with the worse 
seeing size, and l."3 diameter for the rest of the data. For 
flux measurements, a larger aperture was chosen: for the 
data with the worse seeing we adopted 5. "5 diameter, while 
for the rest 3. "6 diameter. The sky level was determined at 
the annulus with inner and outer diameters being 5. "5 and 
7. "3 for the worse seeing data and 3. "6 and 5. "5 for the rest 
(both for polarization and flux measurements). 

We generally repeated a set of polarization measure- 
ments a few times with the same filter at four waveplate 
positions. The number of repeated sets is shown in the ex- 
posure time column of Tables 11131 The Stokes parameters 
measured in each set were combined by taking the weighted 
average. Polarization position angles were calibrated using 
the polarization standard star HDE 283809 with an uncer- 
tainty of 3°. 

We also observed several quasars and radio galaxies 
listed in Tabled in the second half nights of 24, 25, and 26 
Jan 2000 (UT) with the same instruments on UKIRT. See- 
ing is estimated to be ~ 1".4 for the first night and ~ 0."9 
for the second and third nights. During this run in 2000, we 
occasionally had a guiding problem due to the vignetting 
of the field of view by the waveplate holder. This made the 
images of some objects slightly elongated or distorted. For 
some objects with this guiding problem, we used our own 
IDL scripts to find the best registration of the images. Oth- 
erwise the data were reduced in the same manner as above. 
We used rather large synthetic apertures for all the frames 
in this run, namely the same apertures as those for the worse 
seeing data in 2001 described above (l."8 and 5. "5 for polar- 
ization and flux measurement, respectively, with the back- 
ground determined at the annulus between 5. "5 and 7. "3, all 
in diameter). For 3C192, 3C236, 3C223.1 which were quite 
extended, we used larger apertures for flux measurements 
(7."3 for 3C192 and 9."l for 3C236 and 3C223.1) and back- 
ground determinations (7."3/9."l and 9."1/10."9 annuli). 

The data taken in 2001 were flux-calibrated using the 
standard star FS21, and a consistent calibration was ob- 
tained for the data in 2000 using the standard star FS134. 
The accuracy of the flux calibration is estimated to be typi- 
cally ~5%, based on the observation of another flux standard 
star and also on the comparison of the frames for the objects 
with multiple data sets and/or observing dates. 

Finally we also obtained data for one quasar, Ton 202, 
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Figure 1. The near-infrared broad- band polarization measure- 
ments of the Ton202 taken in Jan 2001, shown with optical spec- 
tropol arimetry data taken in May 2002 from Kishimoto et al. 
12003). The optical and near-infrared total flux is scaled to 
roughly match the red side of the optical polarized flux for a 
clearer comparison. 



through the UKIRT service programme on 27 Jun 2005, 
kindly helped by Chris Davis. The observations are listed 
in Table[3] Seeing is estimated to be ~ 0."6. We have used a 
0."9 aperture to measure polarization, 3. "6 for flux measure- 
ments, with background determined between 3. "6 and 5. "5 
(all in diameter). The flux standard star was GSPC P272-D. 
A similar estimation as above suggests the flux uncertainty 
to be ^5% or better. 

Instrumental polarization was checked in the service 
program in 2005 by observing the star SA082926 which 
is known to be unpola rized in the optical (0.06 ± 0.04%; 
iKorhonen fc R,eizlll986fh The data were obtained on 2005 
Jul 8, again kindly helped by Chris Davis. In 2001 we also 
observed the stars with high proper motions, CMC604919 
and CMC604707, for which we expect very low intrinsic po- 
larization. These observations are summarized in Table [I] 
For these bright stars, we needed to de-focus the telescope 
to avoid having counts in a non-linear regime. Accordingly 
large synthetic apertures were used for polarization mea- 
surements. The results seem to show that the instrumental 
polarization is smaller than ~0.2% even for those de-focused 
data requiring large apertures, and thus it may be as good as 
< 0.1%. We hope to obtain fainter unpolarized stars without 
any defocusing, in order to better characterize the instru- 
mental polarization. 
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Figure 2. The same as Fig0 but with the near-infrared data 
taken in 2005. 



Figure 3. The same as Fig[I]but for 4C37.43. 



Table 6. Spectral index a of polarized flux (F„ oc v a ). The opti- 
cal slope is measured at the rest wavelength i nterval of 4 000A 
- 4900 A (4700A for 4C37.43) as described in iKishimoto et alj 
(2003), by fitting a broken power law with a break at 4000A. 
The near-IR slope is measured using the data at J/H/K' (J/K' 
for Ton202 data taken in 2005). The optical-near-IR slope is mea- 
sured by first measuring the average optical polarized flux at the 
interval quoted above and then fitting a power law for this and 
near-IR data at J/H/K' (or J/K') allowing for the uncertainty 
in the absolute flux scale in the optical. 



name 


optical 


optical-nIR 


nIR 


Ton202 


-0.54 ±0.08 


+0.05 + 0.16 


+0.15 + 0.60 


Ton202 a 




+0.08 + 0.12 


+0.42 + 0.29 


B2 1208+32 


-0.54 ±0.11 


+1.15 + 0.60 


+1.6 + 2.2 


4C37.43 


+0.06 ±0.23 


+0.88 + 0.29 


-1.2 + 1.1 



Note. "The measurements using the near-IR data taken in 2005. 

3 RESULTS AND DISCUSSIONS 

3.1 Quasars with unpolarized broad lines 

3.1.1 Results 

The primary objects here are the ones which have been 
found to h ave unpolarized broad lines iKishimoto et al] 
120031 12004) . namely Ton202, 4C37.43, and B2 1208+32 in 
our present sample. The results of the near-IR polarimetry 
for these objects, as well as for others, are summarized in 
Table [K] Note that the polarization degree P has not been 



debiased and so the observed Stokes parameters can be re- 
stored directly from P and position angle (PA), and that 
the biases for those with good polariza tion detections are 
always small (ISimmons fc Stewarff l985). The statistical er- 
rors in the flux measurements are much smaller than the 
flux calibration error for all the objects and therefore are 
not shown in Table|S](the fractional statistical error in total 
flux of jF is roughly of the order of erp). 

Figure and |5| show the spectral energy distribution of 
Ton202 from the optical to near-IR in polarized flux as well 
as in total flux, the former with the near-IR data taken in 
2001 and the latter with those taken in 2005. Figure |3| and 
H present the same spectra for 4C37.43 and B2 1208+32, 
respectively. The optic al sp ectropolarimetry data a re from 
IKishimoto et al] ]2005tl and IKishimoto et alj J2004I) . (Note 
that the optical polarized flux shown is actually a rotated 
Stokes flux, i.e. the unnormalized Stokes parameter Q with 
the reference axis at each object's polarization PA through 
the optical band. This quantity does not suffer from the 
positive bias of polarization degrees, and represents the po- 
larized flux accurately when a single PA for the object can 
be determined with a high S/N.) All the flux in the Fig- 
ures has been corrected for the Galactic reddening using the 
values of E(B — V) in Table Elan d the reddening curve of 
ICardelli. Clayton, fc Mathisl Jl98Sf) with R v = 3.1. 

The flux measurements in the optical spectroscopic data 
have some uncertainty from slit loss and seeing change. 
Therefore, for Ton202 and 4C37.43, we have scaled the flux 
by comparing the flux of the nucle ar [O III1A4959 and A5007 
lines in our spectra with those of IShang et alj §003) (the 
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Figure 4. The same as Fig[I]but for B2 1208+32. The optical 
spectropolarimetry data were taken in May 2003. 



[OIII1 flux is known to be spatial ly extended in these ob- 
jects; IStockton fc MacKentvlll987l) . They used the contin- 
uum level from wide-slit spectra to scale their narrow-slit 
spectra, which are considered to contain essentially only the 
nuclear [OIII] flux for these two objects. (For our 4C37.43 
data, we re-extracted the spectrum with a smaller window to 
measure the nuclear [OIII] flux.) The resulting nuclear [OIII] 
flux for each object was fu rther checked with the nuclea r 
[OIII] flux measurements of IStockton fc MacKentvl Jl987f) . 
We adopted a scaling factor of 1.33 for the Ton202 data, 
and 1.41 for 4C37.43, and estimate the flux calibration un- 
certainty of ~ 10% based on the calibration uncertainty of 
Shang et al. data and slight discrepancies between the [OIII] 
flux in our scaled spectra and that of Stockton & MacKenty. 
However, the uncertainty in this scaling might be somewhat 
larger than this, especially for 4C37.43 which has quite a 
large extended [OIII] flux. For B2 1208+32, we did not make 
any adjustment due to the unavailability of such data. 

For one of these three objects, Ton202, we detected 
near-IR polarization with S/N larger than 3 in three bands 
in 2001, and the data obtained in 2005 in J and K' bands 
show consistent polarization with much higher S /N (we note 
that T^'-band total flux might have varied - see Tabic 0. 
For the other two objects, especially for B2 1208+32, the 
measurements are still of low S/N, but the data show coher- 
ent PAs in multiple bands. The PA is roughly the same as 
those measured in the optical in all three objects, and are all 
roughly parallel (within about 30°) to the radio structural 
axis PAs which are 53°, 109°, and 3° for Ton202, 4C37.43, 



and B2 1208+32, respectively fsee lKishimoto et aljEooi for 
references) . The polarization degree in the near-IR is gener- 
ally lower than in the optical, and it seems to be decreasing 
toward longer wavelengths in the near-IR at least in the 
highest S/N case of Ton202. 



3.1.2 Interpretations 

As w e claimed in the previous papers ( Kishi moto et al J200A 
2004), the optical polarization in these quasars is likely due 
to electron scattering interior to the BLR, essentially be- 
cause there are no emission lines seen in the optical polar- 
ized flux. The polarization mechanism in the near-IR does 
not seem to be different from the optical at least based on 
the same PA observed. If this is the case, the simplest in- 
terpretation is that the polarized flux spectrum over the 
optical-near-IR region is an electron-scattered copy of the 
emission interior to the BLR, revealing the spectral shape of 
the big blue bump emission. Note that the scatterers would 
be electrons and not dust grains, since the scattering region 
would be within the dust sublimation radius. If this sim- 
plest interpretation is correct, then the polarized flux gives 
the actual measurement of the near-IR shape of the big blue 
bump for the first time. This idea is consistent with the ten- 
dency of the polarization degree decreasing toward longer 
wavelengths while the total flux is turning up due to the 
onset of hot dust emission longward of 1/mi. 

We have measured the slope of the polarized flux in dif- 
ferent wavelength ranges as shown in Table © The measure- 
ments show that the polarized flux over the optical to near- 
IR looks quite blue compared to the polarized flux shape in 
the optical alone. The improved data for Ton202 taken in 
2005 show that the polarized flux slope in the near-IR alone, 
F„ fx I /+°' 42±0 - 29 i i s a i so quite blue compared to the shape 
in the optical. Intriguingly, the blue slope is consistent with 
the long wavelength limit of simple multi-temperature black- 
body disks, F v (x v +1 ^ 3 . However, the measurements for the 
other two objects (4C37.43 and B2 1208+32) are still of low 
S/N, and any general definitive statements have to wait for 
future data, including z-band and red-side optical data for 
Ton202. Nevertheless, these results, even the present Ton202 
data alone, at least suggest that the near-IR polarized flux 
measurements have the potential to remove the hot dust 
emission and reveal the underlying intrinsic spectral shape 
there. 



3.1.3 Comparison with disk models 

To illustrate the potential of this method for testing emis- 
sion models for the optical/near-IR portion of the spectrum, 
we have computed accretion disk spectra and a simplified 
dust model appropriate for Ton202. For the disk models, we 
adopted a fixed black hole mass of M BH = 8.4 x 1O 8 M 
and an Eddington ratio of L/L-^dd = 0.15, values derived 
from the H/3 line width and op tical continuum luminos- 
ity using the iKaspi et al.l i2005T) relation. We then com- 
puted 60 spectra for re lativistic accre t ion d isks with the 
non-LTE atmospheres of lHubenv et al.1 tOOd) . The param- 
eters of these spectra ranged over five different black hole 
spins (o/M = 0, 0.5, 0.9, 0.99, and 0.998), six different disk 
inclinations (cosi = 0.01, 0.2, 0.4, 0.6, 0.8, and 1), and two 
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different values of the Shakura-Sunyaev alpha viscosity (0.01 
and 0.1). After scaling the optical polarized flux up by a 
factor 45 in order to match the long wavelength optical to- 
tal flux in the continuum, we then fit these models to the 
optical polarized flux at AA3000 — 4500Ain the rest frame, 
without taking account of the near-IR data. The best fit disk 
spectrum turned out to have a/M = 0.99, cosi = 0.8, and 
a = 0.1. These parameters should not be taken too literally, 
however, as our model grid was quite coarse and we did not 
account for any errors in the assumed black hole mass and 
Eddington ratio. Figure compares the disk spectrum to 
the total and polarized flux data (the latter is scaled up by 
a factor 45). Note that the disk spectrum sails right through 
the near-IR polarized flux points, even though no attempt 
was made to incorporate them in the fit. 

It is important to note that this long wavelength be- 
haviour is robust in these bare disk models: the slope of 
the model spectrum measured between l^tm and 2fim is 
F v oc u +0 ' 19 , which is quite close to the canonical u +1 ^ 3 be- 
haviour, and this does not sensitively depend on any param- 
eters above, including Mbh and L/L^dd- At shorter (opti- 
cal/ultraviolet) wavelengths, the models depend much more 
sensitively on parameters, and this particular model does 
not seem to reproduce the observed spectrum well in this 
region. 

To illustrate the contribution of the hot dust emission 
in the near-IR total flux, a black body radiation with tem- 
perature T = 1500K is included in Figure [S] We normalized 
the black body spectrum to match the observed K' total flux 
(from 2001 data; note the slight difference from 2005 data), 
when summed with the disk spectrum. As we can see, this 
dust+disk spectrum underpredicts the total flux at J band 
(rest ~0.9/jm). The remaining part of the flux may well be 
the host galaxy light . In fact, the host luminosity quoted in 
iBonning et alJ ll2005l) for Ton202 is roughly consistent with 
the residual flux. Thus, as we expected, the polarized flux 
spectrum seems to successfully remove this component as 
well. 

The disk model actually becomes nominally self- 
gravitating at a radius of 330 GM/c 2 , and Figure |K| also 
shows the spectrum of the model truncated at this radius. 
The spectrum becomes much bluer longward of a break at 
around 1/im, corresponding to that truncation radius. The 
spectrum deviates from the near-IR polarized flux data, al- 
though it is probably premature to rule out a truncated 
disk given the uncertainties in the actual location of the 
self-gravitating radius and the S/N of the data. This issue 
should be explored further with future data for many ob- 
jects. 

3.1.4 Error sources 

A potential error source in this measurement would be that 
another polarization component with a perpendicular PA 
can reduce the observed polarized flux without changing the 
observed PA (note that if the component is not at a per- 
pendicular PA, it would be recognizable in PA rotation). A 
possible concern in this regard would be the scattered dust 
emission in the near-IR, i.e. the hot dust emission from the 
putative torus scattered in an outer region, which would be 
perpendicularly polarized and might become important in 
the long wavelengths where dust emission dominates in the 
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Figure 5. Comparison of the observed total and polarized flux for 
Ton20 2 with a d isk model based on the atmosphere calculations 
o flHubenv et al.U2000l) . The observed data are the same as shown 
in FigurcQand Figure|2] and the near-IR, data taken in 2001 are 
shown in dotted lines. All the polarized flux has been scaled up by 
a factor of 45 to match the total flux at the red side in the optical. 
The solid smooth curve is the disk model, while the dash-dot 
curve represents the same model truncated at the nominal self- 
gravitating radius. The lower dotted curve represents hot dust 
emission, and the upper dotted curve is the sum of this dust 
emission and the disk model without the truncation. See text for 
more details. 

total flux. However, we would be able to discard such possi- 
bilities if we find that the slope down-turn toward long wave- 
lengths (i.e. becoming much bluer than the optical slope) 
actually starts at much shortward of 1 /im in the rest frame, 
since the effect from dust emission should not be significant 
at such short wavelengths. Therefore it is important to ob- 
serve polarized flux shape at shortward of 1 ^m in the rest 
frame as well as at longer wavelengths. We can also minimize 
the risk of the confusion from other polarization components 
by observing as many objects as possible to see if the same 
behaviour of the polarized flux with a constant PA across 
the optical to near-IR is seen systematically. 

Another potential error source would be the possible ex- 
istence of molecular spectral lines in the near-IR BBB spec- 
trum, since this part of the spectrum would be from a fairly 
low temperature region. The spectrum eventually needs 
to be properly modelled, and near-IR spectropolarimetry 
would be valuable to observe actual details there. However, 
rough measurements with broad band filters are certainly of 
higher priority at this stage. 

3.2 Other objects 

3.2.1 Broad-line objects 

The broad line radio galaxy 3C227 is a slightly different 
case from the quasars described above. This is the object 
where broad lines are polarized, and at a different PA from 
that of its continuum polarization, and those PAs are not 
aligned with the radio structural axis llCohen et aUll999h 
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which is at 85 iMorganti. Killeen. fc Tadhunterll993l . Our 
near-IR polarization measurement seems to be in line with 
the optical measurements, showing roughly consistent PA at 
lower P (P is decreasing toward longer wavelengths in the 
optical) . The polarized flux slope over the optical to near-IR 
is roughly F v cx v~ ' 7 measured from the flux at 5500 A and 
K' band. 

The implication of the different continuum polarization 
PA from the line PA is that the dominant scattering region 
is slightly outside the BLR, but quite close to it. The BLR 
as seen from the scattering region is resolved, as opposed 
to the continuum source. This is a ctually thought to be the 
case in many Sey fert 1 galaxies dGoodrich fc Milled Il994t 
ISmith et all 120021 In this case the near-IR polarized flux 
might contain some scattered dust emission, depending on 
the location of the scatterers relative to the inner part of the 
putative obscuring torus, the source of hot dust emission. 



3.2.2 Narrow-line objects 

As is previously established, type 2 objects (Seyfert 2 galax- 
ies and narrow-line radio galaxies or NLRGs) sh ow distinct 
polar ization features from these type 1 objects (lAntonucci 
Il993l and references therein) . The continuum and broad lines 
are polarized at the same PA, and it is perpendicular to the 
radio structural axis. In these cases, the scattering region 
is thought to be located well outside of t he BLR, as con- 
firmed with HST polarization images (e.g. iHurt et al.lfl999t 
iKishimoto et alfeOOlT) . In our sample, 3C234 and 3C265 are 
in this category. When the scattering region is of a scale 
much larger than the inner part of the putative torus, the 
near-IR polarized flux would almost certainly contain scat- 
tered dust emission, so that it would possibly have an up- 
turn longward of 1/mi, depending on the nature of the scat- 
terers (electrons vs dust grains). 

Our near-IR pola rimetry result for 3C234 confirms that 
of ISitko fc Zhul dl99lD with a higher S/N (Table 0, and is 
al so consistent with th e near-IR spectropolarimetric results 
of lYoung et alJ il998T) . The PA is the same as that in the 
optical, suggesting that the same scattering mechanism is 
responsible for the near-IR polarization. The near-IR po- 
larized flux of 3C234 in rela tion to other wavel engths has 
been discussed in det ail by lYoung et alJ (I1998T) (see also 
IKishimoto et al]l200ll . who quote the polarized flux slope 
of F v cx j/ -1 ' 6 over the optical to near-IR). They suggested 
that the polarized flux from dichroism (i.e. selective absorp- 
tion by aligned dust grains) , which is penetrating through a 
large amount of column and thus is significantly reddened, 
can start to contribute in the near-IR. This might also occur 
in other type 2 objects. However, note that this additional 
dichroic polarization component should have the PA which 
is either exactly parallel or perpendicular to that of the scat- 
tered polarization component (though in the latter case the 
net polarized flux will decrease) in order for the observed 
PA to be constant across the relevant wavelengths. 

Our near-IR polarimetry res ult for 3C265 seems to 
be in line with the optical res ults (iJannuzi fc ElstonllT99ll 
Idi Serego Alighieri et al1ll996T) . The polarization PA at K' 
band is roughly the same as that in the optical but is slightly 
rotat ed (even more perp endicular to the radio axis at PA 
106°: lFernini et alfl 993L and the polarization degree at K' 
band is a little lower than in the optical. The slope of the po- 



larized flux derived from the flux at 5500A and K' is roughly 
F v cx Note that the object is at z = 0.811 so our K' 

measurement is at the rest wavelength of ~ 1.2/im. 

The optical scattered light in NLRGs can further be 
obscured by kpc-scale dust lanes. In this case we would see 
a strong total flux up-turn in the near-IR toward longer 
wavele ngths with high polarization. lAntonucci fc Barvainisl 
(1990) suggested that this is the case in 3C223.1 and also 
in Cen A. We confirm the near-IR p olarization measure- 
ments of lAntonucci fc Barvainisl 1^990) for 3C223.1 with a 
much higher S/N (Table We observed several other NL- 
RGs (3C132, 3C133, 3C192, 3C200, 3C236, 3C300; mainly 
selected by their red H — K and/or J — H colour) to look for 
a similar high polarization at K band, but we did not find 
such a case (Table |5J except for 3C133. The observed po- 
larization of 3C133 might not be due to narrow- line-region- 
scale scattering, since the observed PA is not perpen dicular 
but p arallel to the radio jet axis which is at PA 107° llLaind 
1981), and a significant part of the polarization may well be 
an interstellar polarization (ISP) in our Galaxy (PA is sim- 
ilar t o that of the ISP in the field around the object |Heilesl 
|2000| . and it is po ssible for the Jf-ban d ISP to be ~2% for 
E(B-V) ~ lmag |Whittet et alJl992l| 1. We note that three 
of these NLRGs (3C132, 3C200, 3C236) are known to have 
optically du ll spectra and classified as low excitation gala x- 
ies or LEG dLaing et alJll994Hjackson fc Rawlingslll997l) . 



3.2.3 More broad-line objects and type 1 vs type 2 

The difference in the dominant scattering observed in type Is 
and type 2s seems to be that in the former the scattering is 
in an equatorial region close to the nucleus (leading to a PA 
parallel to the radio axis with broad lines occasionally polar- 
ized in a different PA) , while in the latter the scattering is in 
a polar region far from the nucleus (leading to a perpendic- 
ular PA both for broad lines and continuum). The former 
polarization would dominate when the nucleus is directly 
seen, or at least seen with less obscuration. These two dif- 
fer ent scattering regions hav e been suggested and discussed 
bv ISmith et"aIT J2004 |2005l) for Seyfert 1 galaxies. A fur- 
ther, important point is that the size scale of the equatorial 
scattering region relative to the BLR appe ars to be diff erent 
in diff erent type 1 objects as discussed in IKishimoto et ail 
J2004h . 

In the case of the broad line radio galaxy 01287, the 
optical spectropolarimetry shows that the broad lines and 
continuum are rather highly polarized with the same P and 
PA, and the narrow lines do not appear to be polarized 



jGoodrich fc Milled Il988f). The PA is parallel to the radio 



axis PA which is 146° llUlvestad fc Antonuccil ll988T) . and 
thus the dominant scattering region seems to be in an equa- 
torial region, but outside of the BLR and interior to the 
narrow-line region. Th e result of ou r near- IR polarimetry is 
consistent with that of lSitko fc Zhul lll99ll) . The near-IR PA 
is roughly the same as the optical PA, and the polarization 
degree is significantly lower in the near-IR than in the op- 
tical. The optical to near-IR polarized flux slope is roughly 
F v cx i/ -0 ' 8 from the flux at 5500A and K' band. 

The case of the radio-quiet QSO 1114+445 is sim- 
ilar to type 2 objects in that its broad lines and con- 
tinuum in the optical are p olarized in the same way 
JSmith. Schmidt, fc Alienlll993l) . The narrow lines are also 
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polarized in the same way, which is in contrast to the case of 
01287, suggesti ng that the scattering is exterior to the nar- 
row line region ijSmith. Schmidt, fc Allenlll993l) . Our near- 
IR polarization me asurements a t thre e bands confirm and 
extend the result of lSitko fc Zhul <199lft at K band. The po- 
larization degree in the near-lR (~ 1%) is lower than that 
in the optical (decreasing from ~3% to ~2% toward longer 
wavelengths). The PA of the near-IR polarization is essen- 
tially the same as that in the optical, suggesting the same 
origin. The polarized flux shape is roughly F v cx v~ 0A if 
measured from the continuum level at 5500A and the flux 
at K' band (or F v cx z/ +0 ' 3 from 5500A and J band; the 
near-IR polarized flux might have an up-turn toward longer 
wavelengths). 

Finally, our near-IR polarization m easurements f or the 
quasar 3C206 do not match the result of lSitko fc Zhul (Il99lf) 
which showed P ~ 2% at K, though we note that the PAs 
in our measurements at 3 bands appe a r to be consistent 
with the PA measured bv ISitko fc Zhul (Il99lf) . Those PAs 
are roughly parallel to the radio axis which is at PA ~ 91° 
jReid. Kronberg. fc Per!evlll999l) . 



4 CONCLUSIONS 

We have presented the results of multi-band near-infrared 
polarimetry of three quasars which have essentially unpo- 
larized broad lines in the optical. The optical polarization 
is likely due to scattering interior to the BLR, and near- 
IR polarization would also be from the same mechanism, 
at least based on the similar polarization PA observed. In 
this case, the overall optical-near-IR polarized flux is most 
simply interpreted as an electron-scattered version of the 
radiation from interior to the BLR. This would provide the 
measurement of the intrinsic spectral shape of the big blue 
bump emission, revealing its shape in the near-IR for the 
first time. 

The observed polarized flux slope in the optical to near- 
IR looks quite blue compared to the shape in the opti- 
cal alone. The near-IR slope observed in Ton202 seems to 
be as blue as the long wavelength limit of simple multi- 
temperature black-body disks and is consistent with the bare 
disk atmosphere model spectrum which we have computed 
for illustrating the comparison. However if the disk is to be 
truncated at the outer radius where the disk becomes nom- 
inally self-gravitating, the model spectrum becomes much 
bluer in the near-IR, deviating from the observed near-IR 
polarized flux data. The future data with higher S/N for 
many object would be able to characterise the spectral shape 
for better comparisons with the models. 

With the optical polarized flux data, specifically the 
discovery of the Balmer edge in absorption in several ob- 
jects, and now this preliminary demonstration of the near- 
IR polarized flux as an indication of the blue underlying 
continuum, we seem to be sketching in the true spectrum 
of the quasar big blue bump. The results so far look more 
intelligible physically than the total flux spectra. While the 
quasi-static Shakura-Sunyaev type disk is known to have 
many problems, evidence seems to be accumulating that 
something at least apparently resembling a classical disk, 
i.e. an optically thick, thermally emitting disk, may exist 



in quasars. We are exploring these ideas with much more 
accurate polarimetry data. 

We also have presented the K band polarimetry of other 
quasars and radio galaxies. The overall polarization prop- 
erties seem to be understandable in a picture where two 
polarization components compete, namely the scattering in 
an equatorial region interior or close to the BLR and the 
scattering in a polar region quite outside of the BLR. 
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